The heating of electrons in graphene by laser irradiation, and its effects on the lattice structure, are studied. Values for the temperature of the electron system in realistic situations are obtained. For sufficiently high electron temperatures, the occupancy of the states in the σ band of graphene is modified. The strength of the carbon-carbon bonds changes, leading to the emergence of strains, and to buckling in suspended samples. While most applications of "strain engineering" in two dimensional materials focus on the effects of strains on electronic properties, the effect studied here leads to alterations of the structure induced by light. This novel optomechanical coupling can induce deflections in the order of ∼ 50 nm in micron size samples. Introduction-Graphene, and other two dimensional materials, show a unique coupling between the electronic and mechanical properties [1, 2] . As a result, electronic transport and optical transitions depend on the shape of the sample, and on strains which may be present. The term "strain engineering" is commonly used[3] to describe techniques which use modifications of the strains in the system to induce desirable electronic properties. The inverse effect, the modification of structural properties by changes in the electronic structure is hampered by the high mechanical stiffness of these materials. The low optical absorption of a graphene single layer is an additional difficulty, if the changes in the electronic distribution are induced by light. Proposals for the creation of significant forces by optical means rely on non trivial combinations of graphene and dielectric layers [4, 5] . Unusual effects of light on macroscopic, graphene like systems has also been reported [6] .
Introduction-Graphene, and other two dimensional materials, show a unique coupling between the electronic and mechanical properties [1, 2] . As a result, electronic transport and optical transitions depend on the shape of the sample, and on strains which may be present. The term "strain engineering" is commonly used [3] to describe techniques which use modifications of the strains in the system to induce desirable electronic properties. The inverse effect, the modification of structural properties by changes in the electronic structure is hampered by the high mechanical stiffness of these materials. The low optical absorption of a graphene single layer is an additional difficulty, if the changes in the electronic distribution are induced by light. Proposals for the creation of significant forces by optical means rely on non trivial combinations of graphene and dielectric layers [4, 5] . Unusual effects of light on macroscopic, graphene like systems has also been reported [6] .
It is well documented that intense laser pulses lead to the excitation of high energy electron-hole pairs, and, ultimately, to an electron plasma in thermal equilibrium at a temperature much higher than the lattice temperature [7] [8] [9] [10] [11] [12] . The cooling of a hot electron plasma is mediated by optical and acoustic phonons [13, 14] . The decoupling between electronic and lattice degrees of freedom has been studied extensively. The difference between electronic and sound velocities suppresses the phase space available for electron-phonon scattering [15, 16] , and reduces the transfer of energy from electrons to phonons. This obstruction is partially relieved by coherent processes involving phonons and impurities [15] , named supercollisions, which have been observed in different experiments [17] [18] [19] [20] .
In order to analyze the influence of a high temperature electron gas on the structural properties of graphene we consider the setup sketched in Fig. [1] . A region in a suspended graphene layer of radius R is illuminated by a laser. The graphene layer absorbs energy from the laser beam, at a rate defined by the laser power, W . We calculate the electron temperature once a steady state regime has been reached. The electron temperature modifies the occupancy of the graphene bands, which, in turn, changes the forces between atoms and induce strains and deformations in the lattice, irrespective of the lattice temperature, which is assumed to be much lower than the electron temperature. The effect of the electron temperature on the lattice constant is obtained from a self consistent band structure calculation, using a Boltzmann distribution for the occupancy of the electronic states. This calculation includes the non negligible coupling between the σ bands and the lattice parameter [21, 22] . For completion, we include a brief discussion of the radiation pressure due to the momentum transfer from laser photons to the graphene layer in the Supplementary Information [23] .
Electron and lattice temperature-We assume that the laser energy is absorbed by the graphene layer arXiv:1905.12876v1 [cond-mat.mes-hall] 30 May 2019 via the creation of electron-hole pairs of energies comparable to ν, where ν is the frequency of the laser. We study a suspended layer, and we do not need to take into account the degrees of freedom of a substrate. A steady state is reached through the combined effect of electron-electron interactions, the scattering between electrons and optical phonons, and heat diffusion, which transfers energy away from the region illuminated by the laser. The electron-electron interactions, which thermalize the electron plasma, include plasmon emission processes [24] . The steady state is characterized by a temperature T (W, R) which describes both the electron gas and the optical phonons [25] . The temperature depends on the laser power, W , and the radius of the laser spot, R.
The rate at which the energy flows away from the illuminated area depends on the electron thermal conductivity, κ el , which is given by [14] 
where ζ(x) is the Riemann zeta function, a ≈ 3.5Å is the thickness of the graphene layer, k B is the Boltzmann constant, v F the Fermi velocity, and el is the electronic mean free path. At high temperatures, k B T e−h µ, where µ is the chemical potential, the value of el is given by
Hence,
where c κ ≈ 18ζ(3)/π 2 is a dimensionless constant. This result, as well as the existence of a universal electrical conductivity, σ ∼ e 2 / , are a consequence of the fact that neutral graphene is a critical system.
If we take values for the thermal conductivity for the lattice from previous works, that is κ l ≈ 5000 W m·K [26, 27] , Eq. 1 implies that κ l κ e−h , even for electron-hole temperatures T e−h 10 3 K. Therefore, in the following, we can assume that the lattice dissipates heat rapidly, and remains in equilibrium with the external environment.
The rate of heat flow from the electrons to the acoustic modes can be divided into two contributions, one where the total momentum is conserved [13] , and the other from supercollisions, which is mediated by elastic scattering [15] . The heat flow rates per unit area for these processes are where D is the deformation potential, ρ is the mass density, and c is the sound velocity. We describe supercollisions in terms of an effective temperature related to elastic scattering, T dis . We assume that elastic scattering leads to a mobility independent of the carrier density.
is the electronic elastic mean free path. For elastic el ∼ 100 nm,
The rate of heat flow to the optical modes is
where ω op is an average optical phonon frequency, and the parameter α op and the function F are described in the Supplementary Information (see also Ref. [8, 28] ). The power dissipated to optical modes in an area A = 1µm 2 as function of electron temperature is plotted in Fig. [2] .
By comparing Eqs. (4) and (5), we conclude that the energy transfer from high temperature electrons to optical phonons is much larger than the energy transfer to acoustic phonons, for physically accessible temperatures, T e−h 10 4 K. Therefore, in the following, we can consider only the role of the optical phonons.
The fraction of the laser power, W , absorbed by the electron-hole pairs in the graphene layer is παW , where α ≈ 1/137 is the fine structure constant, and πα is the optical absorption of a graphene layer [29] . In order to obtain the steady state temperature of the electron plasma, we take into account the energy dissipated away from the laser spot, which depends on the electron heat conductivity, and the transfer of energy from electrons to optical phonons. We obtain
where c κ was defined in Eq. (3). As mentioned previously, we assume that the laser has power W , and it irradiates uniformly a circular spot of radius R. Qualitatively, the two terms in Eq. (6) allow us to define two cooling regimes: -For low values of R, or large values of W , the dissipation is dominated by electronic thermal conduction into the non irradiated region, r > R, described by the first term in Eq. (6).
-If W is sufficiently low, or R is large enough, dissipation is mostly the local transfer of heat to optical modes, given by the second term in Eq. (6) .
The values, W * and R * , which define the crossover between these regimes takes place approximately, are
where we have replaced F[( ω op )/(k B T )] by its constant value in the limit ( ω op )/(k B T ) → ∞ (see Supplementary Information for more details).
A more precise determination can be obtained from computing the electron temperature as function of W and R considering only one relaxation mechanism. The crossover between the two regimes takes place when the two temperatures are similar. Fig. [3] shows the relation between plasma temperature and laser power when the laser is focused on a region of radius R = 1µm. The optical phonon absorption dominates for W 0.2 mWatt. For this laser power, the electron plasma reaches a temperature T ≈ 1300 K. For a power W ∼ 5 mWatt, in the regime dominated by optical phonons, the electron temperature is T ≈ 2250 K.
Outside the region illuminated by the laser, electronic thermal conduction will bring the electron-hole plasma to equilibrium with the external environment. From Eq. (6) we can define a length scale
For T ∼ 2200 K and W ∼ 5 mWatt, we obtain eq ∼ 600 nm.
Effect of the electronic temperature on the graphene lattice-As we have just seen, it is possible to change the temperature of electrons in graphene without modifying the actual temperature of its lattice. Now, we center our attention on the possible consequences that the change of the electronic temperature has on the lattice of graphene. For that, we carried out first-principles calculations. These were performed using a numerical atomic orbitals approach to DFT, [30, 31] which was developed for efficient calculations in large systems and implemented in the Siesta code. [32, 33] We have used the generalized gradient approximation (GGA) and, in particular, the functional of Perdew, Burke and Ernzerhof. [34] Only the valence electrons are considered in the calculation, with the core being replaced by normconserving scalar relativistic pseudopotentials [35] factorized in the Kleinman-Bylander form. [36] The non-linear core-valence exchange-correlation scheme [37] was used for all elements. We have used a split-valence triple-ζ basis set including polarization functions. [38] The energy cutoff of the real space integration mesh was set to 1000 Ry. To build the charge density (and, from this, ob- tain the DFT total energy and atomic forces), the Brillouin zone (BZ) was sampled with the Monkhorst-Pack scheme [39] using grids of (60×60×1) k-points. To simulate the effect of increasing the electronic temperature of graphene, we changed the electronic temperature of the Fermi-Dirac (FD) distribution of the electrons. It is important to note that, once a finite temperature has been chosen, the relevant energy is not the Kohn-Sham (KS) energy, but the Free energy since the atomic forces are derivatives of this. [40] [41] [42] The change of the lattice constant with electronic temperature is shown in Fig. Fig. 4 , where we can see that with increasing temperature, the lattice constant becomes larger.
This result can be understood looking at the effect that the electronic temperature has on the σ bands which are the responsible for the bonds in graphene and, therefore, its lattice constant. Looking at Fig. 4 , we can see that changing the electronic temperature slightly changes the population of these bands. As a result, the σ bonds will be become weaker, and the lattice will expand.
Electronic temperature and strains-We have just seen that the temperature of the electron-hole plasma can modify the interatomic forces and the local lattice constant. Hence, strains are induced in the graphene layer when shining a laser beam to a graphene layer.
The results in the preceding paragraph suggest that a lattice expansion of order = ∆ / ∼ 0.01% is possible when the temperature of the electron plasma is T ∼ 1000 − 2000 K. In a suspended system with clamped edges (see Fig. 1 ), such an expansion will make the sheet to buckle. A simple calculation, using the techniques developed for graphene bubbles in Ref. [43] , and for a circular region of radius R = 5µm gives the profile shown in Fig.[5] . Note that the average strain is ≈ h Generalization to multilayer graphene.-A graphene bilayer. The rate of heat transfer in a graphene bilayer from the electron-hole plasma to optical modes is calculated in the Supplementary Information. The main change is a suppression in the heat transfer, due to interference effects in the electron-phonon matrix element, partially compensated by an increase in the electronic density of states. Note that, for a given power, the absorption is α ≈ 2π/137, twice the absorption of a monolayer. Results are shown in Fig. [6] . The temperature of the electron-hole plasma, for a given laser power, is significantly increased in bilayer graphene.
Graphene stacks with more than two layers. In a system with N layers, the absorbed energy per unit time is ∂Q/∂t = N αW , distributed over the N layers, so that the energy absorbed per layer does not change. In order to estimate the electronic thermal conductivity, we make use of the fact that the low energy band structure of multilayered graphene can be described as a combination of quadratic and linear bands touching at the Dirac point [44] . The resulting electronic thermal conductivity is determined by the quadratic bands. Its temperature dependence is κ e−h (N )
, where we assume that, at high temperatures, the scattering time, τ N (T ), is determined by electron-electron interactions. These interactions couple with similar strength an electron in a given layer and electron-hole pairs in any layer. Combining this result with the criticality provided by the band touching, we obtain τ N (T ) ∼ /(N k B T ), so that κ e−h (N ) ∼ (k 2 B T )/(N a). Finally, we obtain that the electron temperature scales as T (N ) ∝ √ N . Conclusions-We have estimated the electron temperature in a graphene layer under laser irradiation. The temperature is determined by a balance between the power input from the laser, the transfer of energy to optical phonons, and the conduction of heat away from the irradiated region. Temperatures in the order of 1000-2000 K can be reached for a laser power W ≈ 5 mWatt in regions of radius R ≈ 1µm. Similar, or higher temperatures can be expected in multilayer stacks. The weak coupling between electrons and acoustic phonons, and the large heat conductivity of these phonons imply that the lattice temperature changes only slightly.
The electron temperature leads to changes in the lattice constant of graphene, even if the lattice temperature does not vary. We find that strains of order ≈ 0.01 − 0.02% are likely. These strains can induce a significant buckling in a suspended sample. Our analysis suggests that light can be used to modify the structural properties of graphene and other two dimensional materials.
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